This study is aimed at examining the relationships between floatation parameters, assessed by field tests and the stroking characteristics of breaststroke swimmers. The floatation parameters were evaluated for 23 males and 23 females by the hydrostatic lift test, the sinking force acting at the ankle test and the maximal glide length after a push-off from the pool wall test. The swimmers performed two trials at submaximal and sprint pace, and then, from the data given by a PC-video velocity system, the duration and velocity of their propulsive, recovery and glide phases were analyzed. In the female group and at slow pace, glide duration is correlated with hydrostatic lift (r = .62) and with maximal glide length (r = .44); mean glide velocity is correlated with hydrostatic lift (r = .73). In the male group and at slow pace, the sinking force was correlated with the glide phase (r = -0.66) and with the mean glide velocity (r = -0.78). At sprint velocity, the hydrostatic lift is correlated with the glide phase in the female group (r = .52). Floatation parameters have an impact on the gliding phase of the breaststroke cycle.
A common view among swimming coaches is that a good floatation is an advantage for swimmers in terms of performance. Floatation, which can be defined as the ability to remain on the surface of the water, has two components: buoyancy and rotating torque. When swimmers lie passively in still water, they experience a buoyant force, defined as an upward force equal to the weight of the fluid displaced by the body (McLean & Hinrichs, 1998) . Rotating torque occurs when swimmers lie passively in the water, and two forces act on them: the gravity acting vertically downward at the center of mass and the buoyant force acting vertically upward at the center of volume (McLean & Hinrichs, 1998; . As the center of volume is more cranially located than the center of mass, a moment-force is created which tends to make the legs sink (McLean & Hinrichs, 2000; Kjendlie et al., 2004) .
Swimmers' floatation parameters have been used along with anthropometric, flexibility and physiological assessments as diagnostic tools (Cazorla, 1993; Daly et al., 1988) . For example, it has been observed that the floatation characteristics can be correlated with the energy cost of swimming (Chatard et al., 1985 (Chatard et al., , 1991a (Chatard et al., , 1991b Zamparo et al., 1996) . An increase in buoyancy has also been related to improved performance in the 400-m and 1500-m front crawl (Cordain & Kopriva, 1991) , which has been attributed to reduced drag (Toussaint et al., 1989) .
From a technical viewpoint, improved buoyancy also causes the stroke length of distance swimmers to increase (Hue et al., 2003; Tomikawa et al., 2003) or their arm coordination mode to shift toward a more catch-up pattern (Hue et al., 2003) . In an investigation of the different phases of the swimming stroke, Chatard et al. (1990b) found that hydrostatic lift significantly correlated with the entry time of the arm and the depth of the stroke pattern of front crawl swimmers. In another study (Chatard et al., 1990a) , it was found that front crawl swimming performance can be related to the gliding phase of the race and thus to the ability of the swimmer to produce less drag while gliding.
In breaststroke swimming, this could be of some importance. Indeed, this technique is characterized by alternating propulsive actions of the arms and legs. Each pair of limbs has three phases: propulsion, recovery and glide (Takagi et al., 2004; Seifert & Chollet, 2005) . While the arms are propelling, the legs remain extended, then the simultaneous arm and leg recoveries occur, and finally the legs realize their propulsive phase. The temporal organization of the arm and leg movements can lead to three coordination modes: glide, continuous or overlapped (Takagi et al., 2004; Seifert & Chollet, 2005) . In the glide mode, there is a lag time between the end of the propulsive action of the legs and the beginning of the arm propulsive action. In the continuous mode, the end of the leg propulsive action coincides with the beginning of the arm propulsion. In the overlapped mode, arm propulsion takes over before the end of the leg extension. While the glide mode has been observed in 200-m races, continuous or overlapped modes are commonly used in 100-m and 50-m events (Takagi et al., 2004) . At a 200-m race pace, it has been noticed that elite swimmers can spend about 25% of their stroke cycle in a glide position (Takagi et al., 2004; Seifert & Chollet, 2005) . In this position, it is important for the swimmer to reduce drag to a minimum because his velocity is decreasing (D'Acquisto et al., 1988; Manley & Atha, 1992; Leblanc et al., 2007) .
Although some authors have proposed floatation tests in their evaluation protocol (Cazorla, 1993; Persyn et al., 1988) , most studies have focused on the influence of physical characteristics on breaststroke performance Jagomägi & Jürimäe, 2005) or technique (Colman et al., 1992) . However, to what extent the floatation has an impact on breaststroke technique seems not to have attracted the attention of researchers. Interestingly Counsilman (1968) argued that swimmers with poor buoyancy and a powerful arm stroke should adopt a continuous coordination, contrary to less dense swimmers with a strong leg kick. This suggestion underlines the possible role of floatation-along with physical characteristics-in helping a swimmer finding an optimal technique.
Therefore, the first purpose of this study was to measure swimmers' floatation parameters and to relate these data to their stroking characteristics. In this light, a swimmer with a better buoyancy can be expected to use a glide coordination because he or she will lose less velocity than a swimmer with less buoyancy who might use a glide coordination. At a certain speed, this coordination mode might also be more efficient.
Material and Methods
Forty-six club-level swimmers took part in this study: 23 girls (15.3 ± 1.7 years, 52.1 ± 6.8 kg, 1.65 ± 0.07 m, best time on 100-m breaststroke: 79.6 ± 4.55 s) and 23 boys (16 ± 2.2 years, 66.2 ± 11.2 kg, 1.73 ± 0.11 m, best time on 100-m breaststroke: 73.10 ± 3.25 s). All the swimmers swam between 15 and 25 km a week divided over three to five sessions.
All the swimmers or their legal representatives gave their formal, written and informed consent to participate in this study, which was approved by the university ethics committee.
Swim Trials
After a standard warm-up, each swimmer performed two trials of 25-m with 5 min of rest between each trials. Each trial was self-paced based on the 200-m, and the 50-m race paces, respectively. After each trial, the swimmers were informed of their performance. The velocity and the stroke rate (SR) were monitored with a Seiko base 3 frequency stop-watch. If the swimmers were out of their target time by ± 2.5% based on their personal best competitive time, they had to swim another trial.
PC-Video Velocity System
A PC-video system was used to analyze the kinematics of the different stroke phases in addition to the stroking characteristics (velocity, stroke rate and stroke length). These data were analyzed from the same trials. The main focus was to relate the floatation parameters to the mean velocity per stroke phase. This system has been already described (Leblanc et al., 2007) . Briefly, the swimmers were videotaped underwater in both frontal and side views. They swam at about 10 m from the side camera. A third camera located on the pool deck videotaped and timed the swimmers over a distance of 12.5 m (between the 10-m and the 22.5-m landmarks made on the pool edges), which enables us to calculate the average swimming velocity and stroke rate (Craig et al., 1985) . The stroke length was computed from this velocity and the stroke rate values. Video analyses were synchronized with a velocity meter (Fahnemann 12045, Bockenhem, Germany). A wire was attached to the swimmer's waist for each swim trial. This wire passed over a reel and an electric generator, which produced an electrical voltage proportional to the swimmer's velocity. A PC interface allowed us to obtain instantaneous velocity/time curves. The lateral view of the video and the video timer were associated and genlocked (50 Hz) with the instantaneous velocity curve of the computer. For each subject, three to four complete strokes were filmed and analyzed. the corresponding time velocity curves were smoothed by using the fast Fourier transformation (Table Curve 7) . A low-pass type of filtering was applied with a cut-off frequency of 6 Hz. Although hip forward displacement should not be used as an exact substitute for a swimmer's center of mass, essentially because the limb motion tends to shift this center of mass forward or backward, it provides useful and reliable information to the experienced user (Capitao et al., 2006) .
The mean velocity per stroke phase was derived from these kinematical data. Each stroke cycle was divided into four phases (Seifert & Chollet, 2005) : (i) mean arm propulsion velocity: (from the arm catch to the middle of the arm insweep); (ii) mean leg propulsion velocity: (from the beginning of the leg extension to the beginning of the leg insweep). The leg in sweep started when the swimmers begins to sweep its feet inward; (iii) mean glide velocity: (from the beginning of the leg insweep to the arm catch), which corresponds to the velocity decrease occurring between the respective propulsive actions of the arm and leg; and (iv) mean recovery velocity: (from the beginning of the recovery initiated by the first pair of limbs to the end of the recovery of the other pair of limbs).
Swimming Phases
The respective durations of the propulsive, recovery and glide phases were computed with a frame-by-frame analysis (Seifert & Chollet , 2005) . The propulsive phase corresponded to the addition of the respective propulsive times of the arms and legs. To obtain a net propulsive time, any overlapped time had to be subtracted from this total (as in the case, for example, of arm propulsion overlapping parts of leg propulsion). The glide phase corresponded to the time elapsed between the beginning of the leg insweep and the beginning of the arm propulsion. When the coordination mode was continuous or overlapping, this phase was null or negative. The final phase was recovery, corresponding to the time between the beginning of the recovery initiated by the first pair of limbs to the end of the recovery of the other pair of limbs. A stroke index (SI) was also calculated to evaluate the swimming efficiency, SI = SL × SR (Costill et al., 1985) .
All the measurements were made by averaging three or four stroke cycles.
Buoyancy Measurements
Hydrostatic Lift. This simple method has been proved to be reliable (Chatard et al., 1985) . The swimmer assumed a fetal position, face underwater, at the end of a maximal inspiration. After the swimmer was stabilized by an operator, masses ranging from 0.05 to 1 kg were added on the swimmer's back, between the shoulder blades. After three to five interpolations, the last mass applied before the swimmer started to sink was considered to be his or her hydrostatic lift.
Sinking Force. To accurately determine the value of the rotating torque acting on the swimmer's body, the center of mass needed to be located (Zamparo et al., 1996; McLean & Hinrichs, 1998; Kjendlie et al., 2004) . As devices such as reaction boards or underwater balance boards are not always at the disposal of the practitioner, the resultant force of the torque at the ankle was chosen for measurement ( Figure 1 ).
To assess this sinking force, the swimmer lay passively in the water in a streamlined prone position. A rope connected to a digital scale (WeighMax WM-25) was supported the ankle of the subject at the malleolar level. A 2-kg mass was added to the rope to stabilize the body. This mass was immersed and weighted then subtracted from the resultant force read on the scale (sinking force = resultant force -18.1 N).
To ensure the most accurate measurements, the swimmer's position was carefully checked: head positioned just under the stretched arm, hands and heels at the surface level, with feet joined and fully extended. During these measurements, almost no waves were made to prevent body oscillations. The swimmers were asked to hold their breath for 15-20 s at the end of a maximal inspiration. The alpha-reliability of the sinking force measurements was also calculated. In a test-retest procedure on 12 subjects, it was estimated at 0.98 (standard error of mean = 0.34).
Maximum Glide Length. This field test was made to try to evaluate the dynamic characteristics of floatation and was assumed to reflect drag in a gliding position. After a push-off from the wall, the swimmer had to pass through a hoop (diameter 0.80 m) which was floating vertically under the water surface (depth of 0.40 m) and 3 m from the wall. The swimmers were instructed not to touch the hoop. A large carpenter square was moved along a tape on the pool deck to measure the maximal length of the glide at the fingertip (when the swimmer stopped moving forward). The swimmer's height measured with the arms stretched over his head was subtracted from this measure.
Statistics
The normality of the distributions (Shapiro-Wilk) and the homogeneity of the variances (Cochran's C) were tested and authorized the use of standard parametric statistical procedures (GB Stat V9 dynamic microsystem). One-way ANOVAs were computed to compare the floatation parameters between male and female swimmers, while two-way ANOVAs for repeated measured (gender × swimming paces) were carried out to compare the stroking parameters according to gender and swimming paces. Tukey-Kramer tests were used for multicontrast comparisons. Pearson product-moment correlations were calculated between each of the floatation parameters and the dependent variables (stroke phases durations, stroke index, swimming velocity, mean velocity per stroke phases. Correlations were examined according to gender and to swimming velocity. The statistical level of significance was set at p < .05. Multiple regression analyses were not attempted because the buoyancy parameters were intercorrelated.
Results
Velocity, stroke rate, stroke length, stroke index, swimming phase durations and mean velocity per stroke phases are summarized in Table 1 . Significant differences are indicated at p < .05. The swimming phases are expressed in relative terms (percentage of a complete stroke cycle duration).
Body dimensions influenced the buoyancy parameters. The weight was correlated with the hydrostatic lift (r = -0.57), the maximal glide length (r = .36) and the sinking force (r = .70, p < .05). Height was also correlated (p < .05) with hydrostatic lift (r = -0.41) and the sinking force (r = .82, p < .05).
When all data were pooled, the buoyancy parameters were found to be intercorrelated: hydrostatic lift with the maximal glide length and the sinking force (r = .47 and r = -0.53, respectively; p < .05); the maximal glide length with the sinking force (r = -0.38, p < .05).
Gender Effect
The floatation results (Table 2) indicated that female swimmers had a greater hydrostatic lift and a smaller sinking force (p < .05). No difference, however, was noted for the maximal glide length. Of the stroking characteristics, the glide phase was shorter in males at slow velocity compared with females (Table 1) . At slow velocity, the female swimmers were also able to maintain a higher mean velocity during the glide phase. Some of the stroking characteristics were correlated with the floatation data ( Table 3 ). In the female group, the maximal glide length and glide phase were correlated (r = .44, p < .05). The hydrostatic lift was correlated with the glide phase, the stroke length and the stroke rate (p < .05). None of these correlations were significant in the male group. 1.27 ± 0.14 ac 1.51 ± 0.17
Arm propulsive velocity (m⋅s The sinking force was negatively correlated with stroke length, and glide phase in both groups (p < .05). In the female group, the propulsion time negatively correlated with the sinking force (p < .05).
In the whole sample, a correlation between the sinking force and the mean velocity per stroke was observed (p < .05). This coefficient was negative, which indicated that the more the sinking force was the less the velocity tended to be. In the female swimmers, the hydrostatic lift was correlated with the mean glide velocity (r = .62, p < .05) and with the mean recovery velocity (r = .77, p < .05) ( Table 4) .
Pace Effect
When switching from slow to sprint pace, the velocity and the stroke frequency increased, while the distance per stroke decreased. In both groups of swimmers, the glide phase duration was shorter at sprint pace than at slow pace. Finally, the mean velocity reached by the swimmers during the arm propulsion, the glide and the recovery phases was higher at sprint than at slow pace. Only a weak correlation (r = .44), was found to be statistically significant (p < .05) at sprint pace and in the female group: the glide phase with hydrostatic lift.
Discussion
Three main results were found concerning the intergender differences: (i) female swimmers had greater hydrostatic lift and a smaller sinking force magnitude compared with male swimmers; (ii) in the female group, the hydrostatic lift and the maximal glide length were positively correlated with glide phase, the mean glide velocity and stroke index; and (iii) in male swimmers, the sinking force was negatively correlated with glide phase and mean glide velocity. These three findings confirm the first hypothesis: swimmers with a better floatation tend to favor a glide coordination.
Female swimmers were more buoyant and tended to remain more horizontal in static position. These findings are consistent with previous results (Chatard et al., 1991b; McLean & Hinrichs, 2000) and have been related to a larger percentage of body fat and to a different distribution of these adipose tissues (McLean & Hinrichs, 1998) which are more prevalent in the thigh as compared with males.
The correlations between floatation and the glide phase of the stroke could be related to a smaller drag of female swimmers. Form drag has been assumed (Vorontsov & Rumyantsev, 2000) to be the main component of drag. Form drag depends on the geometric shape of the body and is caused by the difference in pressure between the front of the swimmer, where the pressure is higher and the wake, where a depression results in the formation of eddies (Clarys, 1979; Vorontsov & Rumyantsev, 2000) . The better buoyancy of females may have decreased their frontal area; reducing the resistance they opposed to the water (Miyashita & Tsunoda, 1978) and favoring a longer and more efficient glide. It should be also mentioned that an efficient glide can be affected by two other factors: (i) the swimmer's ability to correct his body angle by immerging his head (Kjendlie et al., 2004) ; (ii) the efficiency of his leg kick. As already pointed out by Counsilman (1968) , a swimmer with a good leg kick could take advantage of it buy using a glide phase.
The noticeable correlation found between the stroke index and the hydrostatic lift in female swimmers underline the impact of floatation on the overall efficiency of the stroke. Interestingly, Sharp and Costill (1990) found that after the removal of body hair, breaststroke swimmers increased their distance per stroke and reduced the rate of velocity decay during a gliding test similar to the present one. These authors concluded that a drag reduction can improve the gliding capability and the stroke efficiency of a swimmer.
More unexpected was the correlation found between the mean velocity during the recovery phase and the hydrostatic lift. During the recovery, the arms and legs move forward underwater, relative to the swimmer's body. During this phase, the velocity drops (D'Acquisto et al., 1988; Manley & Atha, 1992; Capitao et al., 2006; Leblanc et al., 2007) because the leg and arm recovery opposes a strong resistive force (Kolmogorov et al., 1997) . The better buoyancy of female swimmers may have led to the maintenance of a higher hip position, thereby reducing the surface area exposed to the water flow. In summary, the best floatation characteristics of female swimmers affected the nonpropulsive phases of their stroke (glide and recovery) and allowed them to maintain a higher mean glide velocity (females: 1.27 m⋅s -1 , males: 1.12 m⋅s -1 ). Their stroke efficiency was also affected by the hydrostatic lift (r = .78). This was verified, however, only at slow pace. At sprint pace, the buoyancy seems of less effect perhaps because it there is a "ceiling effect": the buoyancy may be an advantage within a certain range of velocity, but no more beyond a certain limit.
The magnitude of the sinking force of male swimmers was about twice that of the females, which may explain why this factor affected the duration and mean velocity of the glide phase. It has been observed that male swimmers have a greater rotating torque than females ( McLean & Hinrichs, 1998) and that this influences the body angle made with the horizontal axis of the body during swimming (Kjendlie et al., 2004) . If the body orientation is more oblique relative to the water flow, it may increase the frontal area of the swimmer and its form drag (Clarys, 1979; Vorontsov & Rumyantsev, 2000) . In that case, male swimmers could shorten their glide phase to avoid a too dramatic drop in velocity (at slow velocity: males: 1.11 m⋅s -1 , females: 1.25 m⋅s -1 ). At slow pace, the coefficient of correlation between the floatation parameters and some of the stroke phase characteristics were between 0.44 and 0.78. This does not underscore the role played by these parameters but instead indicates that swimming skill is complex by nature and relies on multiple factors rather than being the result of a single causal relationship (Cazorla, 1993; Powell et al., 1978; Silva et al., 2007) .
In both group of swimmers, the impact of floatation appeared of less importance at sprint pace, confirming the second hypothesis. In male swimmers, the floatation parameters were no longer significantly correlated with stroke timing or the mean velocity per stroke phases. In their female counterparts, a low correlation was found between the hydrostatic lift and the glide phase. Two interpretations can be made: (i) With the velocity increase, the legs are raised by the lift, which may counteract the effect of the sinking force of male swimmers.
(ii) A change in arm-leg coordination leads to a decrease of the glide phase, which may lower the effect of the floatation parameters.
As the swimming velocity increases, the negative effect of the rotating torque is counteracted by the lift component of the drag force (Miyashita & Tsunoda, 1978; Kjendlie et al., 2004) : a drag component which acts in the opposite direction of the swimmer, and a lift component, which is normal to the swimmer and tends to raise the legs. What was found in front crawl (Kjendlie et al., 2004) might also apply in breaststroke during the glide phase: the angle of attack of the trunk with the water surface is no longer affected by the rotating torque as the swimmer's velocity increases.
In breaststroke, a change in velocity is related to an increase in limb velocity (Persyn & Colman, 1999 ) and a change in the arm-leg coordination (Takagi et al., 2004; Seifert & Chollet, 2005; Leblanc et al., 2007) . The present results show that at slow pace, floatation has an impact on the efficiency of the stroke as measured by the stroke index. The non-propulsive phases of the stroke seem also to be affected by floatation.. This was more relevant for female swimmers. At higher velocity however, this impact appears less marked.
The correlations found here, although significant, remained low to moderate. Consequently, the floatation tests should be used along with other evaluation procedures to give a heuristic view of a swimmer's aptitudes and giving him specific technical advices. It should be also noted that the present subjects were experienced swimmers ages 13-17. Daly et al. (1988) showed that the respective weight of the physical parameters they used in their regression model for predicting performance changed according to sex and age. The same authors observed that the accuracy of their regression equations increased with the age of the swimmer because the older swimmers had a better technique. By this logic, including the floatation parameters in a multifactorial model could also be relevant in accounting for the technique of elite swimmers. Further investigations are needed to verify this hypothesis.
